INTRODUCTION
The search for unusually represented motifs in DNA sequences has proved to be a useful method for identifying regulatory signals. The general approach involves the comparison between expected and observed frequencies of a given pattern. Algorithms have been developed for the identification of patterns that may be distinctive of sets of short DNA sequences such as terminators of transcription ' and promoter regions 2 -3 . In other cases the search of patterns has been performed on full length genes, or even on entire databases. For instance, Volinia et al. 4 counted the number of times that all the possible decanucleotides arise in a selected database of viral sequences and found that the most abundant decanucleotides are often associated with regulatory signals. More complex approaches that calculate the expected frequency of a pattern on the basis of the probability of occurrence of all its sub-patterns have also been described 5 -6 , however their application to DNA motifs longer than a few bases necessitate too much calculation to be of any immediate use.
A further obstacle to the search for DNA motifs is that very often they have very conserved bases at some fixed positions, mixed with variable bases at other positions. Thus, instead of continuous sequences we should look for motifs in which defined and undefined bases are both present 7 - 8 .
In this paper the search for DNA motifs has been approached by means of a new program that counts and compares the occurrences of all possible patterns generated by insertion of unspecified bases into an original motif. This kind of approach offers two major advantages; firstly, it is not necessary to calculate the frequencies of the sub-sequences within a pattern; secondly, by this approach sequences with undefined positions are considered as well as continuous sequences.
MATERIALS AND METHODS System
The program presented in this paper has been written in Clanguage and requires three standard C-libraries: stdio.h, string.h and malloc.h. The program was compiled successfully on several systems including MS-DOS, Hewlett Packard HP9000/835 and SUN-SPARCstation 10/41. However, the memory requirement of the program makes the MS-DOS system inadequate for satisfactory performance.
The HUMHPRTB (Human Hypoxantine Phosphoribosyl Transferase) DNA sequence was extracted from the GenBank database by anonymous file transfer protocol and it is 56,737 bases long.
Terminology
The following terms are used in this paper: Sequence is normally intended as a DNA sequence, for instance that of a database entry. An analysis is performed on a sequence by counting the occurrences of all possible patterns of bases. The patterns to be searched are generated by the program using two parameters that must be defined by the user: the number of defined bases and the number of undefined bases. Exact patterns correspond to a contiguous string of defined bases.
Normally the user does not specify the actual defined bases, but just their number, leaving to the program the task to try all the combinations of any of the four possible bases (A, C, G and T) at all the positions that should be occupied by defined bases. Therefore, with 2 defined bases the number of exact patterns will be 16 (i.e. 4 2 ) and with four defined bases the number of exact patterns will be 256 (i.e. 4 4 ). Inexact patterns are derived from exact patterns by insertion of undefined bases amongst the defined bases. An undefined base is intended as a position that can match any of the four bases (i.e. 'N')-A family of patterns is constituted by an exact pattern and by all the possible inexact patterns that can be derived from it. Therefore, the number of families is the same as the number of exact patterns, and all the members of a family share the same defined bases.
User interface
The program is implemented with a user interface that allows an easy control of all the principal settings. The display of the main menu is shown in Figure 1 . A description of the various options is given in different sections of this paper.
Counting patterns and building the occurrences table
As described in more detail further on, there are two different ways to count patterns: with the single count option only one family at time is considered, whereas with the count all option all families are counted at once. In Figure 2 the two options are compared on the HUMHPRTB DNA sequence where patterns of 6 defined bases are counted, with a few different cases of number of undefined bases.
It can be seen that in all the cases shown in Figure 2 the number of exact patterns is 4,096 that is 4 to the power 6 (i.e. there are 4,096 different sequences 6 ba-ses long). When undefined bases are not present ( Figure 2 , first row) there is only one single pattern per family (i.e. the exact pattern). With 6 defined bases and 2 undefined bases there are 21 different patterns in each family (i.e. there are 21 different ways that 2 undefined bases can be inserted amongst 6 defined bases, as described in more detail in the next paragraph). The single count option allows the program to consider just one of the 4,096 families and only the 21 results corresponding to the occurrences of the 21 patterns of that particular family will be memorised. Instead, with the count all option the program will memorise all the possible patterns of all the families. Therefore, with 6 defined bases the memory requirement will be 4,096 times greater than with the single count option. However, the time requirement is very similar because in both cases the program examines the DNA sequence the same number of times. The task performed with the single count is to consider all the positions on the DNA sequence and to verify at every position whether there is a match to the searched pattern. With the count all option, at every position the program reads the bases of the DNA sequence and increases the occurrence-counter corresponding to the pattern found at that position. This method is in many aspects similar to the sorting algorithm known as address calculation (for a review see reference 9).
A repeat filter can be set to avoid counting the patterns that are occurring within themselves, such as in microsatellites. When this filter is operating, a pattern is counted only if the last occurrence of the same pattern was at a number of bases greater than the length of the pattern.
Succession of patterns in a family
The algorithm used to define the succession of patterns considers that any position of the pattern is either occupied by a defined base or by an undefined base. The starting pattern of each family is the exact pattern in which all the defined bases are on the left side and are followed by all the undefined bases on the right side. We will consider the beginning of the pattern on the left, and the end on the right. Given any pattern, the next pattern will be worked out as follows: firstly, the algorithm will find the last position that is occupied by a defined base followed by an undefined base, and will swap the two corresponding positions. If there are more defined bases on the right side (that is when the last position of the pattern is occupied by a defined base), then the algorithm will shift them all to the left, to join the defined base that had just been swapped with the undefined base. The first position can only be occupied by the first defined base.Therefore, when the first base should be moved forward to obtain more patterns, then the algorithm informs the program that there are no more legal patterns.
Following these criteria, the full series of possible patterns can be obtained without redundancies. Figure 3 gives an example of the succession of the 20 patterns generated by 4 defined bases and 3 undefined bases. 
Statistical analysis
The null hypothesis on which the statistical analysis is performed is that within any given family all the patterns should have the same probability of occurrence. On the bases of this hypothesis an independent statistical analysis is automatically performed for every family by counting the occurrences of each pattern in the DNA sequence under investigation, and by calculating the total number of occurrences of all patterns (sum) and the mean value (mean). The deviation (dev) from the mean is then calculated for each pattern as the difference between the actual occurrences of the pattern and the mean of the family. Finally, the chi-square (x 2 ) is calculated as (dev 2 /mean) + (dev 2 1 (sum -mean) ). This formula is derived from the more conventional .((deviation from expected) 2 /expected) as follows. For each calculation two groups are considered: the first group corresponds just to the pattern under investigation and the second group to all the other patterns of the same family. The expected number of occurrences are respectively the mean and the (sum -mean), as shown in the above formula. The deviation (dev) is the same in both cases because if a pattern occurs n times more than expected, the sum of the remaining patterns will occur n times less than expected, producing the same deviation. The analysis is repeated for each pattern of each family, and the best x 2 values are memorised. Filters can be set to select only values above or below the arithmetic mean.
RESULTS
As an example, a working session on the HUMHPRTB gene is presented here. All the patterns were counted without any filtering. After loading the sequence (option S) the parameters were set (option P) to 2 defined bases and 12 undefined bases. This setting produces 16 families, each with 13 patterns. Option C (Calculate view best score summary) was then selected and the resulting output is shown in Figure 4a . As expected, the most unusually represented pattern of 2 defined bases is CG that is under-represented occurring only 646 times against an average 2413 times of the other patterns of the CG family. The pattern TA is also under-represented while TG, CA, AG, and CT are over-represented. Figure 4b shows the output of a different search performed on the same DNA sequence with patterns of 4 defined bases and 10 undefined bases. This setting produces 256 families, each of 286 patterns. It can be seen that under these conditions all the ************** ******** *** *** **** ****** *********** ******** CGCT   Zounts   22  23  23  251  328  307  245  287  245 ** * * ******** ********** ************ *********** ****** ********** ***** X   2   94  92  92  102  281  224  92  175 92 ****** Figure 5 . View details of a particular family. Both frames were obtained using the HUMHPRTB DNA sequence. After each list of occurrences the program displays a semi-graphical representation of the distribution of the counts within the family. The frame on the left shows the family GGGAACGG that includes the pattern with the highest score of Fig. 4d . In this case a filter was set (option F) to view only patterns with the highest x 2 values above 5. The frame on the right displays the results of a different analysis performed on the same DNA sequence for the family of 4 defined bases CGCT, with 10 undefined bases and with a filter set to view only patterns with a x 2 value above 90. most unusual patterns are over-represented and that a large proportion of them contains a CG motif interrupted by undefined bases. Although the uneven distribution of CG is still having a remarkable effect on the patterns of 4 defined bases, it must be noticed that some other DNA motifs are emerging. For instance, pattern 1 and pattern 5 correspond to the two opposite strands of the same DNA motif. The results of Figure 4c were obtained by setting the patterns to 6 defined bases and 6 undefined bases. A total of 4096 families can thus be obtained, each of 462 patterns. Some more complex DNA motifs can be identified: for instance, it is very probable (although not necessarily true) that the first three patterns correspond to the same sequence 'C..GG.T.ACAG'. By extending this reasoning to some of the other patterns of Figure  4c , we can build a 14-base consensus sequence 'GCTGGGATTACAGG' that is perfectly matching with 14 of the 22 sequences (12 forward and 2 reverse). We shall refer to this sequence as consensus motif 1. A similar analysis of the 8 remaining patterns of Figure 4c shows that 5 of them match with the consensus sequence 'ACTCCAGCCTGG' (pattern 9 forward; patterns 17 and 18 reverse; patterns 4 and 10 both strands). We shall refer to it as consensus motif 2.
Finally, Figure 4d shows the results obtained with patterns of 8 defined bases and 3 undefined bases. This last setting produces 65,536 families, each of 120 patterns (total 7,864,320 patterns). It takes less than 30 seconds on a SUN-SPARCstation 10/41 computer to complete all the counting on the 56,737 bases of the HUMHPRTB sequence. As for the patterns in frame c, also in this case it is possible to build consensus sequences. In particular, consensus 1 found in Figure 4c can be extended by one base (GCTGGGATTACAGGC) and is compatible with 17 . The actual occurrences of the three consensus sequences described in the text were counted on both strands of the HUMHPRTB DNA sequence, allowing up to 2 mismatches (last column) or no mismatches (second last column). In the first three columns are reported the number of patterns of Fig. 4 that are compatible with each of the three consensus sequences, on either of the two strands.
out of the 22 patterns shown in Figure 4d . Only the last pattern is matching with consensus 2 (reverse strand), while the other 4 patterns match with a new motif of 13 bases: GCCTCAGCCTCCC {consensus motif 3). These three DNA motifs are associated with some Alu repeats 10 that are known to occur in the non-coding region of the HUMHPRTB gene.
Detailed lists of the occurrences of the patterns of a particular family can be displayed by selecting option V. This by default would produce the complete list of patterns; alternatively, a filter can be set with option F to skip the patterns with a x 2 value below a set threshold. Figure 5a shows an output obtained by this option, with 8 defined bases and 3 undefined bases. Figure  5b displays a similar analysis performed on the same sequence using the 4 defined bases CGCT and 10 undefined bases.
DISCUSSION
The examples given in this paper have been chosen to show the potential of this program, but also the limits of the current version 1. A consideration that must be made is that an unusually represented pattern could originate for reasons that are implicit in the pattern itself, but could also be generated by sub-patterns that are abnormally represented 6 . Figure 5b shows such a case. Two peaks of distribution are clearly distinguishable. The first peak contains patterns with the dinucleotide CG that is known to be rare in mammalian genomes. The other peak corresponds to more abundant patterns in which the bases C and G are separated by gaps. These data could be worked out better by analysing the complete list of 286 patterns (data not shown). However, it must be stressed that the simple algorithm used in the statistical analysis does not consider the two peaks of Figure  5b as two different populations of patterns, but as a widespread distribution of a single population. For this reason the paucity of CG pattern can be much better appreciated by performing the analysis with only two defined bases, as shown in Figure 4a .
The occurrence of unusually represented patterns could also arise from DNA motifs larger than the pattern analysed. This is evident from the data shown in Figures 4c -d , and has already been discussed in the results section. To extend this evidence a step further, the patterns of Figure 4b (4 defined and 10 undefined bases) were compared with the three consensus sequences previously described. The resulting counts are shown in Figure 6 . The great majority of the patterns are matching more than once with the three consensus motifs, either on the forward or reverse direction. For instance, pattern 1 of Figure 4b (A...CAG) is present both in the consensus motif 1 and 2, as well as in the reverse strand of consensus 1 (CTG...T). In Figure  6 are also reported the actual occurrences of the three consensus sequences on the HUMHPRTB gene.
In conclusion, the program presented in this paper offers a very fast and easy approach for the identification of unusually represented patterns in DNA sequences, that allows the identification of exact as well as inexact patterns. As a general consideration, the more the number of defined bases differs from the number of conserved bases of the pattern and the less that pattern will be picked up. This is a useful feature of the program that enables us to focus the investigation on patterns of different length.
